Introduction
Defects in red blood cell (RBC) membranes are one of the commonest causes of inherited hemolytic anemia in man (for review, see Ref. 1) . Foremost in this group is hereditary spherocytosis (HS), which is caused by aberrant expression of one of five major erythroid cytoskeletal proteins: ankyrin (in 50% of cases), β-spectrin (in 20%), band 3 (in 20%), α-spectrin (in 5%), and protein 4.2 (in 5%) 2, 3 . In the erythrocyte, tetramers of α-and β-spectrin heterodimers are linked to the lipid bilayer through associations with two multi-protein complexes: the ankyrin, band 3, and protein 4.2 complex; and the protein 4.1, p55, and glycophorin C complex [4] [5] [6] [7] [8] [9] . These associations are required for red cells to maintain their shape, and to withstand the physical forces imposed on them during circulation.
Disruption of these interactions leads to fragmentation, accumulation of dysmorphic red cells in the spleen, and hemolytic anemia.
The study of the molecular basis of HS has been facilitated by the analysis of both spontaneous and engineered mouse mutants 10 . Although RBC membrane defects display predominantly autosomal dominant inheritance in humans, in mice they are usually recessive. The murine α-spectrin mutations sph/sph 11, 12 , sph 4 skeletal architecture was normal in these animals 19 . Although loss of protein 4.1R is associated with hereditary elliptocytosis in humans, mice lacking this gene exhibit HS, with moderate hemolysis and reticulocytosis. Interestingly, recent studies have demonstrated extensive loss of cytoskeletal lattice structure in these animals 4 .
Only a single mouse model of ankyrin deficiency has been described, the spontaneous normoblastosis mouse (nb/nb) 20 . This line carries a deletion of a guanosine residue in exon 36 that leads to a frame shift that introduces a premature stop codon after the addition of 13 residues, resulting in the production of a 157 kDa protein.
The wild type ANK-1 protein is 210 kDa, and contains three major functional domains, an N-terminal 89 kDa membrane-binding domain, a 62 kDa spectrin-binding domain, and a C-terminal 55 kDa regulatory domain 21, 22 . ANK-1 isoforms lacking this latter domain show increased binding affinity for the membrane and spectrin ligands 23, 24 . A fourth region of unknown function, known as the death domain in view of its homology within the intracellular portions of the pro-apoptotic receptors Fas and TNFR1 (Ref. 25) , is found between the spectrin and regulatory domains. The truncated ANK-1 protein in the nb/nb mouse lacks the regulatory domain, but includes the membrane and spectrin-binding domain 20 . The levels of the other critical membrane proteins are preserved in the nb/nb mice, with only spectrin levels being reduced to 50% of wild type. The nb/nb mice display normal membrane skeletal ultrastructure, prompting the conclusion that ankyrin was not required for the formation of a stable two-dimensional spectrin based skeleton 26 . They also appear normal at birth, which has been attributed to the presence of a fetal compensatory mechanism for Ank-1 deficiency 27 . This was postulated to be provided by unique ankyrin-related proteins in fetal erythrocytes, and up-regulation of fetal transcripts to compensate for Ank-1 deficiency 21 . The nb/nb mice have also been shown to exhibit resistance to malaria that was thought to be mediated by their relative spectrin deficiency 28 . More recently, the nb mutation has been shown to be a hypomorphic allele of Ank-1, producing a truncated protein of 157 kDa 20 . The expression of this protein suggests that
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In this article we report the identification and characterization of the first mouse line with an Ank-1 null mutation, identified in an ENU mutagenesis screen for RBC phenotypes. The mutation leads to complete loss of ANK-1 protein expression in homozygous animals, with a concomitant reduction in spectrin and protein 4.2, and severe hemolysis. The analysis of these mice provides unique insights into the role of Ank-1 in erythroid development, and generates questions regarding the mechanism of malarial resistance in Ank-1 deficiency.
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Gene mapping
The Ank-1 1674 mutation was mapped by outcrossing affected heterozygous animals to wild type C57BL/6 mice. Genomic DNA was collected from F2 animals at 3 weeks, and a genome-wide scan was performed on each with a panel of simple sequence length polymorphism (SSLP) markers.
Candidate intervals were refined by analyzing the products of additional meioses with MIT and inhouse CA repeat markers at increasing density. For sequencing of candidate genes, total RNA was isolated from spleen tissue with TRIzol (Invitrogen) and reverse transcribed with the Promega Reverse Transcription System using random primers. Genomic DNA was amplified by PCR, purified with the Qiaquick PCR purification kit (Qiagen) and directly sequenced with a BigDye Terminator v3.1 kit (Applied Biosystems).
All animal experiments were pre-approved by the Animal Ethics Committees of the Walter and Eliza
Hall Institute for Medical Research, Melbourne Health, and The University of Melbourne.
Manual white blood cell (WBC) and platelet counts
The corrected WBC count in three RBC2/RBC2 mice was obtained by manually counting the total nucleated cells (TNC), and the nucleated red blood cells (NRBC), in fifty 40X fields from standard blood films. The corrected WBC count was calculated as the measured TNC -measured TNC x % NRBC. The corrected platelet count in three RBC2/RBC2 mice was obtained by manually counting platelets in fifty 40X fields from standard blood films, and comparing this to equivalent films from three wild type mice.
Q-PCR
Q-PCR analysis of gene expression was conducted using a Rotorgene 2000 instrument (Corbett Research, Sydney). Amplification of cDNA products was followed using the fluorescent DNA-binding dye SybrGreen (Molecular Probes, Oregon) at a dilution of 1:10,000. Gene expression of ankyrin-1 was normalized to expression of hypoxanthine phosphoribosyltransferase, and data are expressed as a percentage of the wild type.
Gene-specific primer sequences:
Histology, bilirubin measurement and quantitation of tissue iron
Sections of spleen from wild type and RBC2/RBC2 mice were stained with hematoxylin and eosin.
Blood films were stained with Wright-Giemsa stain. Total serum bilirubin was quantitated with an Olympus AU2700 multi-channel analyzer. Tissue iron was measured by digesting samples with ultrapure concentrated nitric perchloric acid followed by flame atomic absorption spectrophotometry.
Electron Microscopy
For scanning electron microscopy (SEM) analysis, a drop of tail blood was suspended in 1 ml of phosphate buffer (PB, 0.1M pH 7.4) and centrifuged at 1,500 rpm for 5 minutes at 4°C. Following centrifugation, the pelleted cells were resuspended in 1 ml of 2.5% glutaraldehyde and fixed for 1 hour at room temperature (RT) on a rotating wheel, ensuring the cells were continually spinning to allow a single cell suspension. Once fixed, the cells were rinsed in 3 changes (15 minutes each) of PB 
Red cell rigidity and red cell ghost preparation
Single cell micropipette aspiration was used to determine the shear elastic modulus of RBC membranes as previously described 29 . Erythrocyte ghost membranes were prepared by osmotic lysis as previously described 30 .
SDS PAGE and Western Blotting
For Coomassie staining, RBC ghosts preps were subjected to SDS-PAGE 31 , using 4-20% gradient gels or 5% gels as indicated. The gel loading was based on the final volume of the ghosts prior to 
Red cell survival assay and immunostaining of bone marrow cytospins
Red cell survival was measured using an in vivo biotinylation method as described 
In vivo and in vitro malaria assays
For in vivo assays, a trial P. chabaudi challenge was conducted on wild-type BALB/c mice to determine the optimum infective dose. Survival curves were split by gender, as males are known to be more susceptible, showing earlier signs of infection and succumbing 2-3 days before their female littermates 33, 34 . Females were infected with 1x10
For in vitro assays, blood was collected from BALB/c donor mice displaying between 1-5% parasitemia by cardiac puncture, and mature schizonts were purified as previously described 35 . During the purification procedure, uninfected blood was collected from Ank-1 1674 
Osmotic fragility test
Fresh blood was collected from 6-week-old mice into EDTA, and the test performed within 2 hours of collection. Equal numbers of cells were mixed with NaCl solutions of varying osmolarities and incubated for 20 minutes at room temperature. After gentle centrifugation, the absorbance of supernatants was determined at 540 nm. The absorbance of each sample in water was taken as 100% lysis.
Results

Severe hemolysis in an ENU-induced mutant mouse strain
We established a large-scale ENU mutagenesis screen in mice to identify dominant mutations that affected erythroid production and maturation. Male Mpl -/-mice on a BALB/c background were treated with ENU 36 , then mated with untreated female Mpl -/-mice to generate G1 progeny that were screened by analysis of their full blood count at weaning (Supplementary Figure 1A) . The line described here (RBC2) was selected on the basis of a reduced MCV that was 3 standard deviations outside the normal population (MCV 41.0±1.1 in mutant versus 45.5±1.5 in wild type mice). The affected G1 heterozygous mice were crossed with wild type BALB/c animals to segregate the Mpl-/-locus out of the line. Mice with a low MCV that were wild type at the Mpl locus were identified, and these animals were used for all subsequent experiments. 50% of pups from affected animals crossed with wild type BALB/c mice displayed a reduced MCV, indicating that the phenotype was fully penetrant, and displayed simple Mendelian inheritance (Supplementary Figure 1B) .
To determine whether mice homozygous for the mutation exhibited a more profound phenotype, we intercrossed affected heterozygous animals, and examined the full blood counts of their progeny at weaning (Table 1) . We observed three distinct populations. In addition to the significant difference in their MCV, the wild type and RBC2 heterozygous (RBC2/+) mice exhibited more modest differences in their red cell distribution width (RDW), and red blood cell count (RBC). The absolute, and differential white cell counts, and platelet counts were normal in the RBC2/+ mice. The third group (RBC2 homozygotes -RBC2/RBC2) displayed severe anemia and markedly abnormal red cell indices (Table 1) . Although the automated leukocyte and platelet counts appeared elevated in these mice, these counts were inaccurate due to the presence of circulating nucleated red cells and red cell fragments respectively. Manual leukocyte and platelet counts performed on these mice (see Materials and methods) were within the normal range indicating that the RBC2/RBC2 mice had a disorder restricted to the erythroid lineage. As the reticulocyte count is also inaccurate using automated counters, we quantitated the percentage of these cells in the RBC2/RBC2 mice manually in new methylene blue stained blood films. This demonstrated a reticulocyte count of 50% (Supplementary Figure 1C) . The severely anemic pups were observed at a frequency of 11% at weaning (predicted 25%), indicating that homozygosity for the mutation caused embryonic or neonatal lethality. To examine this, we viewed newborn litters and noted that approximately 15% of pups became jaundiced within hours of birth ( Figure 1A ). We also noted that a substantial number of pups from RBC2 heterozygous matings were cannibalised immediately after birth. All the homozygous mice had succumbed by 8 weeks of age. At autopsy, the spleen was enlarged almost 6-fold (0.11g wild type versus 0.61g RBC2 homozygote) Scanning electron microscopy (SEM) highlighted the morphological changes in the erythrocytes from RBC2/RBC2 pups, with prominent spherocytes, membrane blebbing, and red cell fragments, but no normal biconcave shaped cells seen ( Figure 1G , H).
The severity of hemolytic states is routinely assessed by analysis of red cell survival in vivo. We injected 6-week old RBC2/RBC2 mice and wild type littermates with biotin and measured the percentage of labelled erythrocytes by FACS analysis ( Figure 1I ). The erythrocyte half-life in RBC2/RBC2 mice was approximately 2 days compared to 32 days in the controls. Other markers of red cell destruction, namely the levels of bilirubin in the blood, and the degree of iron overload in the liver were also markedly abnormal. At postnatal day 52, total bilirubin levels in homozygous mutant mice were nearly 4 times higher than in their control littermates ( Figure 1J ). Quantitation of non-heme iron levels in the liver of wild type and homozygous mutant mice demonstrated almost equivalent levels at day 29. However, by 52 days, a greater than 4-fold increase was observed in iron deposition in the liver of the RBC2 homozygous mice compared with the controls (481 mg/kg compared with 112 mg/kg) (Fig. 1K) . Taken together, our results were indicative of severe hemolysis with inadequate compensatory extramedullary erythropoiesis.
Identification of a novel Ank-1 mutation in RBC2 mice
To map the RBC2 mutation, we crossed heterozygous mice with wild type C57Bl/6 mice, and the resultant affected F1 mice (as determined by a low MCV) were intercrossed to produce 70 F2 generation mice. At 7 weeks of age these mice were bled and their MCV and hemoglobin levels determined, and severely anemic mice were excluded. Using a set of 148 simple sequence length polymorphisms, the only region of the genome in which linkage was observed was at the centromeric end of chromosome 8 between markers D8Mit3 and D8Mit124 (Figure 2A ). Within this chromosomal region, the erythroid ankyrin gene (Ank-1) represented a compelling candidate. In view of the multiple Ank-1 isoforms that have been described previously [37] [38] [39] , we amplified the Ank-1 cDNA from heterozygous mutants, and sequenced individual clones. In a number of these clones we detected a 22 nucleotide (nt) deletion from nt 5376-5397 (data not shown). Analysis of the exon-intron structure of the Ank-1 genomic locus revealed that the deletion affected the 5' end of exon 41. We therefore sequenced this region of the genomic locus from heterozygotes, and identified a single point mutation in the form of a G to C transversion located at the splice acceptor site of exon 41 ( Figure 2B ). We confirmed that the severely anemic mice were homozygous for this mutation ( Figure 2B ). This finding, coupled with the structure of the deleted mRNA, indicated the presence of an alternate splice acceptor site 22 nucleotides 3', which induced a frame shift after amino acid 1674 resulting in the addition of a further 96 residues and a premature termination codon ( Figure 2C ). The open reading frame of the Figure 2D ). Figure 3B ). The intensity of the RBC membrane proteins α-and β-spectrin, ANK-1, band 3, In contrast, the staining pattern of the Ank-1 1674/1674 membranes was more complex, with the predominant feature being a marked reduction in staining in the region of ANK-1, α-, and β-spectrin.
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As the resolution of these bands on this gel was insufficient to allow us to determine whether there was a differential reduction in the levels of these proteins, we repeated the electrophoresis on the wild type, heterozygous and homozygous ghosts, maximizing the separation of the three proteins through an extended run on a 5% gel ( Figure 3C ). Three bands were readily detected in the wild type and Figure 3D ). This domain would be retained in the predicted at E18.5. Although we observed no fetal wastage in these litters, with homozygous pups present in a normal Mendelian ratio at E18.5 (Fig. 4A) , these animals displayed marked erythroid morphological abnormalities on SEM, with spherocytes, membrane blebbing and red cell fragmentation ( Figure 4B ). These appearances were identical to those observed in the samples from homozygous mutants examined after weaning ( Figure 1H ). In addition, the embryos exhibited a marked reduction in their RBC, and hematocrit (Figure 4C, D) . Consistent with an uncompensated fetal defect, we observed a significant reduction in live births of the homozygous mutant mice ( Figure 4E ).
Ank-1 1674 heterozygous mice are resistant to malaria infection
Previous studies in the nb/nb mice revealed a reduced susceptibility to the rodent malarial parasites, Plasmodium chabaudi and P. berghei 28 . This was attributed to a reduction in the levels of spectrin in the erythrocyte membrane, as sph/sph mice, which exhibit a spectrin deficiency but express normal levels of Ank-1, are also resistant. As mice carrying a single nb allele also exhibited slightly reduced parasitemia compared to wild type controls, we examined the susceptibility of mice carrying a single
Ank-1 1674 allele to infection with P. chabaudi compared to their wild type littermates. Homozygous
Ank-1 1674/1674 animals were too ill to be included in the experiment. Male mice are more susceptible than females with respect to peak parasitemia and survival, and were therefore injected with a reduced dose of infected red cells 33, 34 . Despite the erythrocyte membranes from the Ank-1 1674 Although the cytoskeletal ultrastructure, and membrane rigidity of the Ank-1 1674 /+ red cells were identical to the wild type controls ( Figure 3G , Figure 5C ). Resistance to malaria has been noted in hereditary elliptocytosis (HE) patients who show an increased osmotic fragility (OF) in addition to altered red cell shape. We therefore examined the OF of red cells from Ank-1 1674/+ , Ank-1 1674/1674 , and wild type littermates ( Figure 5D ). As expected the homozygous mutants displayed a marked increase in OF compared to controls. Of interest, increased fragility was also observed with the Ank-1 1674/+ red cells suggesting that this may contribute to the increased malarial resistance.
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Discussion
In this study, we identify and characterise the first mutant mouse line completely lacking a functional form of the red cell membrane protein, ANK-1. We demonstrate that this protein plays an essential, non-redundant role in erythroid development, as homozygous mutant mice exhibit a reduced red cell count and hematocrit, and distorted red cell morphology in utero, and frequently die in the immediate perinatal period. The surviving animals represent an excellent model of severe HS, with active hemolysis, significant extramedullary erythropoiesis, and tissue iron overload. The site of the mutation in these animals resides at the splice acceptor site of exon 41, and although the predicted peptide generated from the mutant transcript would be 194 kDa, no immunoreactive species are detected in red cell membranes on Western blot with two different Ank-1 antibodies, or in bone marrow eythroid progenitors by immunostaining.
The lack of ANK-1 protein in these mice was somewhat unexpected given the position of the mutation, and the 5-fold increase in mRNA levels. The nb/nb mouse line carries a mutation in exon 36, but still generates a functional 157 kDa protein 20 , that is bound to the membrane in spectrin extracted nb/nb inside out vesicles 37 , and contributes to the normal assembly of the spectrin-actin membrane skeletal lattice 26 . The predicted peptide in the Ank-1 1674/1674 mice would contain both the membrane-and spectrin-binding domains, as well as 302 amino acids of the regulatory domain. We postulated that the marked increase in Ank-1 mRNA levels might be in response to degradation of the predicted 194 kDa protein, a hypothesis supported by the lack of any immunoreactive species in the homozygous mutant mice. It is unclear as to whether the truncated protein is targeted for degradation by sequences in the residual portion of the regulatory domain, or alternately, by the "junk" 96 residues added on to the protein after the frame shift. The observation that patients with ankyrin Saint-Etienne1 (a non-sense mutation that also truncates in the regulatory domain) have a relatively mild phenotype, and reduced levels of mutant transcript suggests that degradation may occur independently of sequences in this domain 41 .
Previous studies on the Ank-1 deficient nb/nb mouse suggested that the phenotypic disparity between embryos and adult mice was due to the existence of specific fetal compensatory mechanisms 27 . These were postulated to be provided by two distinct proteins: a 165 kDa ANK-1 related protein that was only detectable in fetal and adult reticulocytes from nb/nb mice; and a 155 kDa ANK-2 related protein that was present in fetal reticulocytes from mutant and wild type mice 21 . Our data suggests that the lack of a more severe embryonic phenotype in the nb/nb mice relates more to the fact that nb is a hypomorphic allele 20 , rather than the presence of fetal compensatory proteins. However, it is also conceivable that differences in the background strains of the nb/nb mice (on a hybrid WBB6F1 background) versus the Previous studies in the nb/nb mice had suggested that ankyrin deficiency did not affect the ability of spectrin, and other membrane skeletal components to assemble into a highly ordered network, with near normal cytoskeletal architecture described in red cells from these animals 26 . Our analysis of the red cell membrane proteins and cytoskeleton in the Ank-1 1674/1674 mutants again contrasts the differences between the hypomorphic and null alleles. We demonstrated that complete loss of ANK-1 resulted in a total disruption of the uniform two-dimensional hexagonal array of junctional complexes cross-linked by spectrin tetramers. These were replaced by large bare areas, devoid of organized structure. This appearance resembles, but is more severe than, membrane skeletal preparations from patients with severe HS and spectrin levels of 40-50% of normal 40 . We estimate the levels of spectrin in [44] [45] [46] . We have examined some of the potential mechanisms in the Ank-1 1674 /+ mice that could contribute to the resistance, including altered red cell survival, ultrastructural abnormalities, and impaired parasite entry, using P. berghei, to which the nb/nb mice are also resistant. However, the Ank-1 1674 mice do not differ from wild type controls in any of these assays. The only differences we have observed relates to a slight increase in the OF of red cells from the Ank-1 1674 mice. At this time, it is unclear as to whether this is central to the mechanism underpinning the malarial resistance, and further studies may provide important insights into the role of the red cell structural proteins in the parasite life cycle. A n k -1 
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